This paper presents the results of microstructure and magnetic properties analysis for bulk amorphous samples of Fe 36 Co 36 B 19 Si 5 Nb 4 alloy in the form of rods of 1 mm, 2 mm, and 3 mm diameters in the as-cast state, produced using the method of injecting liquid alloy into cooled copper mold. The main purpose of the research was to examine the effect of solidification speed of the liquid material into amorphous state on the shape of initial magnetization curve as well as to determine the type and size of structural defects occurring in the volume of the material. In order to achieve these objectives, the magnetization measurements were carried out, which according to H. Kronmüller's theory on magnetization behavior near the area called reaching the ferromagnetic saturation, allow to determine the type, size, and surface density of structural defects occurring in the volume of the sample. The analysis of reduced magnetization curves indicates that solidification speed of the liquid alloy into the amorphous state is the main determining factor for the shape of initial magnetization curve and for the type and size of structural defects formed in the sample, which affects such magnetic parameters as: coercive field (H C ) or saturation magnetization (M S ).
Introduction
Bulk amorphous alloys constitute a relatively new group of materials with very interesting magnetic and mechanical properties which are not observed in crystalline materials of the same chemical composition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Those materials are characterized by high hardness, elasticity, wear and corrosion resistance, and excellent energy absorption ratio. Alloys based on 3d transition metals usually demonstrate good soft magnetic properties, i.e. small coercive field, and relatively high magnetic permeability and saturation magnetization. The shape of initial magnetization curves for those materials varies, depending on the alloy composition and thickness. According to H. Kronmüller's theory, the magnetization process in strong magnetic fields is affected by structural defects [11] [12] . In high magnetic fields, above anisotropy field ( H > 2K 1 /µ 0 M s where K 1 -effective anisotropy constant), a material losses its domain structure and is not yet uniformly magnetized. Magnetization of the sample does not reach the maximum value, called saturation magnetization, which is particularly affected by structural defects, i.e. point defects and quasi-dislocalized dipoles. Inside the material those defects make a source of short-range stresses and cause nonuniform magnetization distribution in microareas - Fig. 1 .
The change in magnetization caused by structural defects can be described with a formula [11] :
where: exponent (i) takes on three values of 1 / 2 , 1 and 2, M s -saturation magnetization, H -magnetic field strength, µ 0vacuum magnetic permeability. The exponent (i) takes on value of ( 1 / 2 ) for point defects and this expression can be presented with a formula (2) [12] :
where: A ex -exchange constant, υ p -Poisson's ratio, Gshear modulus, λ S -saturation magnetostriction, N -defects density, ∆V -additional volume related to point defects. For (i) = 1 or 2 the expression (1) takes on values of a 1 (3) and a 2 (4) , which are assigned to the presence of two-dimensional defects, called quasi-dislocalized dipoles.
(4) Fig. 2 . Model of a quasi-dislocalized dipoles: b e f f -length of effective Burgers vector, D dip -width of quasi-dislocalized dipoles [11, 12] Linear defects are defined by: dipole width (D dip ), effective Burgers vector (b e f ) and defects surface density (N p ). If the exchange distance l −1 H , described with a formula (5) [13] :
is greater than the width of quasi-dislocalized dipoles (D dip ) then the term (3) is dominant and can be described with a dependence (6) [14] :
whereas if l −1 H < D dip then the magnetization change in strong magnetic fields near the area called the "knee" is related to the expression (7) [14] :
The model of a quasi-dislocalized dipoles is presented on Fig. 2 .
In higher magnetic fields where dependencies (1), (2) and (3) are not met, the magnetization vector turn is caused by the damping of thermally excited spin waves. This phenomenon is called the Holstein-Primakoff paraprocess, and is described with a formula (8) [15] :
where: b is a coefficient determined on the basis of spin waves theory and described with a formula (9) [16] :
where: k -Boltzman constant, µ B -Bohr magneton, g -Landé g-factor, D sp -stiffness of spin wave parameter. The stiffness of spin wave parameter D sp is directly related to the exchange constant A ex , which is described with a formula (10) [17] :
Finally, the magnetization in strong magnetic field, when reaching the state of ferromagnetic saturation, can be presented with a dependence (11) :
(11) The purpose of this paper is to prove that the change in shape of initial magnetization curve for samples of Fe 36 Co 36 B 19 Si 5 Nb 4 alloy made by injection molding, is related to the cooling rate of the alloy during its solidification in the copper mold. To accomplish the purpose of the research, measurements of magnetization in strong magnetic fields were performed. They constituted a basis for the determination of the type, size and surface density of structural defects.
Experiment
The research material, in form of Fe 36 Co 36 B 19 Si 5 Nb 4 alloy, was obtained using components of following purity: Fe -99.99%; Co -99.99%; Nb -99.999%, Si -99.99%, B -99.99%. Crystalline ingots of the alloy were remelted several times in order to properly mix the elements constituting the material. Bulk amorphous samples were made using the technique of injecting liquid material into cooled copper mold. Samples produced that way were shaped into rods of diameters of 1 mm, 2 mm, 3 mm and length of about 20 mm.
The microstructure of casted samples in post-solidification state was examined using XRD 7 X-ray diffractometer, manufactured by Seifert-FPM. The diffraction of X-rays was performed using the cobalt radiation source with characteristic radiation CuK α (1.54056Å). Samples were scanned in range of angle 2 Θ from 30 • to 80 • with 0.02 • resolution and 3 s irradiation time per step.
Static hysteresis loops and initial magnetization curves were measured using vibrating sample magnetometer VSM, manufactured by LakeShore, operating in the field up to 2 T.
The measurements of microstructure and magnetic properties, were carried out in room temperature. XRD studies were made on powdered samples obtained in low-energy conditions, which in case of structure research gave information on the whole material volume. The magnetic properties were done for samples in the form of rods with different diameters and same length. The magnetic measurements were corrected using the demagnetization factor resulting from the presence of magneto-static fields, related to the shape of the sample.4 All diffraction patterns obtained for powdered rods of examined alloys are similar, they consist only of wide fuzzy maximums, which evidences the lack of crystallites in the entire volume of examined samples. Crystalline materials demonstrate repeated distribution of atoms in space, which maintain their angle correlations. It means that for crystalline materials it is possible to determine interplanar distances, which are reflected by narrow maximums in diffraction images. The lack of narrow maximums in X-ray diffractograms provides us with preliminary information about chaotic aperiodic distribution of atoms in examined material volume, which suggests that the examined material has an amorphous structure.
Results
Static hysteresis loops obtained from measurements of magnetization in the function of magnetization field for samples of examined alloys in post-solidification state in the form of rods of various diameters are presented in Fig. 4 . The course of static hysteresis loops presented in Fig. 4 for 1 mm and 2 mm diameters rods is practically the same. We can observe that in the middle section of M-H system those loops are almost parallel to µ 0 M S axis, which proves that both examined samples in the form of above diameters are rather easy to magnetize towards saturation, using magnetic fields of low strength. M-H dependence pattern for bulk 3 mm diameter sample is completely different from other examined samples. Its analysis indicates that the greatest diameter sample demonstrated "the worst" soft magnetic properties. Properties such as: coercive field (H C ) and saturation magnetization (µ 0 M), determined with the observation of static hysteresis loops were presented in Tab. 1. Based on the data from Tab. 1 it can be concluded that with increasing diameter of rod with amorphous structure, in the volume of this material we observe changes in the distribution of atoms of elements included in the material. It causes the deterioration of soft magnetic properties for those materials. Reduced curves of initial magnetization for examined alloy in the form of rods of various diameters are presented in Fig. 5 .
Reduced curves of initial magnetization for samples of examined 1 mm and 2 mm diameters alloy, presented in Fig. 5 , overlap in the wide range of magnetic fields. It can suggest that for both samples magnetization process in strong magnetic fields follow the same law and reaches the ferromagnetic saturation in similar ranges of magnetization field strength. The analysis of reduced curves of magnetization in high magnetic fields for samples of examined alloy in the form of rods in the as-cast state indicates that in magnetization fields range of 0.21 T to 0.30 T for 1 mm diameter sample ( Fig. 6 ) and in magnetization fields range of 0.21 T to 0.54 T for 3 mm diameter rod (Fig. 7) the reduced magnetization M/M S becomes the linear function of (µ 0 H) −1 . Such nature of magnetization changes, both for 1 mm and 3 mm diameter samples, proves that the magnetization process in this range of magnetic fields is related to the rotations of the magnetic moments inside structural defects, called quasi-dislocalized dipoles (Fig. 1b) , with the dependence D dip l −1 H < 1 (where D dip -width of quasi-dislocalized dipoles, l −1 H -exchange distance). For samples in the form of rods of 2 mm diameter in the magnetic fields range of 0.11 T to 0.31 T the reduced magnetization M/M S is a linear function of (µ 0 H) −2 , which also means that the magnetization process for this material in higher magnetic fields is related to the presence of quasi-dislocalized dipoles, but in this case the dependence D dip l −1 H > 1 holds (Fig. 8 ). For higher values of magnetic field, from 0.3 T for 1 mm diameter rod, from 0.31 T for 2 mm diameter rod and from 0.54 T for 3 mm diameter rod of examined Fe 36 Co 36 B 19 Si 5 Nb 4 alloy, the Holstein-Primakoff paraprocess was observed ( Fig. 9 ) [15] . Data obtained from the analysis of reduced magnetization as a function of magnetic field strength in powers of: -1, -2 and 1 / 2 . The parameters a 1 , a 2 , b are the fit parameters of reduced magnetization as functions of (µ 0 H) −1 , (µ 0 H) −2 , (µ 0 H) 1/2 , respectively: D sp -stiffness of spin wave parameter, A ex -exchange constant, D dip -width of quasi-dislocalized dipoles, and N -surface density of quasi-dislocalized dipoles The data collected in Tab. 2 indicates that the surface density of structural defects present in samples is highest for the sample in the form of 3 mm diameter rod. For other samples of examined Fe 36 Co 36 B 19 Si 5 Nb 4 alloy in the form of 1 mm and 2 mm diameters rods the surface density of quasi-dislocalized dipoles present in the whole volume of examined material is similar.
Discussion of the results
The production of amorphous materials through rapid cooling brings about a significant number of structural defects, in the form of point defects, called free volumes, or in the form of quasi-dislocalized dipoles, which are conglomerates of point defects. Those defects are defined as excessive volume and form a source of internal mechanical stresses, which is reflected by a nonuniform distribution of magnetic moments, caused by magnetoelastic effects.
This research included the examination of magnetization in strong magnetic fields with so called reaching the ferromagnetic saturation. The authors also attempted to explain dependencies between the cooling time of the material, its magnetic properties, and the presence of structural defects in its volume. The X-ray examination carried out in the course of the research indicate that the samples produced using the injection molding are not crystalline. Based on the analysis of reduced magnetization in functions (µ 0 H) −1 and (µ 0 H) −2 for samples of examined alloy of various diameters, it was found out that the greatest the diameter of casted rods, the greater the surface density of structural defects in the form of quasi-dislocalized dipoles. It should be noted that all examined samples were made in identical conditions, i.e. the atmosphere of alloy injection, the temperature of copper mold, and the pressure of liquid material injection. Interestingly, a dependence M/M S = f[(µ 0 H) −1 ] holds for 1 mm and 3 mm diameters samples, while for 2 mm diameter sample another dependence M/M S = f[(µ 0 H) −2 ] was observed. The question is, what happens to the atoms during the cooling process? Most probably, increased time of liquid metal solidification into the amorphous state has an relaxing effect on the alloy. The result is a good elastic recovery of the alloy. During this process free volumes form greater two-dimensional defects through conglomeration, after reaching certain critical size those defects, due to a lack of stability, start to change their size and finally decompose into point defects again. Further increase of rods diameter, causing the increase of cooling time, would lead to the formation of crystalline phase grains, and subsequently to the full crystallization of the material.
Experiment results obtained from magnetization measurements in strong magnetic fields for samples of Fe 36 Co 36 B 19 Si 5 Nb 4 alloy in the form of rods of various diameters: 1 mm, 2 mm, and 3 mm, allowed to determine proper matching of laws of reaching the ferromagnetic saturation. The best matching was obtained for samples of 1 mm and 3 mm diameters:
while for 2 mm diameter rod the best matching was obtained for the dependence:
The parameter a 1 was found for higher magnetic fields from the range of 0.21 T< µ 0 H <0.30 T and 0.21 T< µ 0 H <0.54 T for rods of 1mm and 3 mm diameters, respectively, while the parameter a 2 for 2 mm diameter sample, where the best matching of the law of reaching the ferromagnetic saturation was obtained in the magnetic field range of 0.11 T< µ 0 H <0.31 T. Observed dependencies are directly related to the change of exchange distance (A ex ), in the way defined by (6) and (7) . The application of the formula (9) allows to determine the stiffness of spin wave parameter D sp in room temperature. Values calculated for D sp fall into the range of 25 to 50 (10 −2 meVnm 2 ). For amorphous alloys, all values from this range are acceptable, due to a lack of magnetocrystalline anisotropy of significant values [16] . When decreasing the D sp parameter there occurs the increase of surface density N, which means that the distance between the nearest-neighbor atoms decreases in the volume of the material. It should be added, that publications [18, 19] , which present research results for alloys of chemical composition which is slightly different from the ones examined in this paper, show that (Fe, Co) and B materials include trigonal bonds between atoms of Co or Fe and B. In case of this research those could be separated from each other and through the wall surface by Nb, acting as a binding agent for the atoms. The presence of those bonds cause the occurrence of initial crystallization fcc phase (Fe, Co) 23 B 6 with lattice spacing of 1.2 nm and cubic cell of 96 atoms per volume unit. It means that the existence of such systems with short-range order (SRO) can affect their displacement in the alloy during diffusion processes leading to temporary solidification of vitreous state (SL). It was not possible to evidence the existence of fcc phase in examined samples in the form of rods of various diameters during the X-ray examination carried out in this research.
This research allows to state that the increase in the diameter of casted rod of examined alloy leads to the worsening of so called soft magnetic properties of this material. It is also obvious that for a greater diameter rod the solidification takes longer in comparison to the solidification of smaller diameter sample, thus the diffusion process also takes longer and leads to more intensive displacement of atoms. Atoms migration in the alloy volume causes the extensive volumes formation, which, depending on the amorphous state solidification time, group into greater structural defects called quasi-dislocalized dipoles, and in longer term decompose into point defects again. The type of structural defects for examined samples, determined in the course of research, which could be examined with a indirect method of analyzing the reduced saturation magnetization near the "knee" area, affects the change of exchange distances for ferromagnetic effects between Fe and Co magnetic atoms.
